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Determining food web architecture and its seasonal cycles is a precondition for making
predictions about Antarctic marine biodiversity under varying climate change scenarios.
However, few scientific data concerning Antarctic food web structure, the species
playing key roles in web stability and the community responses to changes in sea-ice
dynamics are available. Based on C and N stable isotope analysis, we describe Antarctic
benthic food webs and the diet of species occurring in shallow waters (Tethys Bay, Ross
Sea) before and after seasonal sea-ice break-up. We hypothesized that the increased
availability of primary producers (sympagic algae) following sea-ice break-up affects the
diet of species and thus food web architecture. Basal resources had distinct isotopic
signatures that did not change after sea-ice break-up, enabling a robust description of
consumer diets based on Bayesian mixing models. Sympagic algae had the highest
813C (~—14%0) and red macroalgae the lowest (~—37%:). Consumer isotopic niches
and signatures changed after sea-ice break-up, reflecting the values of sympagic algae.
Differences in food web topology were also observed. The number of taxa and the
number of links per taxon were higher before the thaw than after it. After sea-ice
break-up, sympagic inputs allowed consumers to specialize on abundant resources
at lower trophic levels. Foraging optimization by consumers led to a simpler food web,
with lower potential competition and shorter food chains. However, basal resources
and Antarctic species such as the bivalve Adamussium colbecki and the sea-urchin
Sterechinus neumayeri were central and highly connected both before and after the sea-
ice break-up, thus playing key roles in interconnecting species and compartments in the
web. Any disturbance affecting these species is expected to have cascading effects
on the entire food web. The seasonal break-up of sea ice in Antarctica ensures the
availability of resources that are limiting for coastal communities for the rest of the year.
Identification of species playing a key role in regulating food web structure in relation
to seasonal sea-ice dynamics, which are expected to change with global warming, is
central to understanding how these communities will respond to climate change.

Keywords: Antarctica, climate change, food webs, keystone species, population-wide metrics, seasonal sea-ice
dynamics, stable isotopes, trophic interactions
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INTRODUCTION

The persistence of biodiversity in seasonally variable
environments is linked to the ability of populations to adapt
to variable and/or temporally constrained resource inputs
(McMeans et al., 2015). This ability is directly dependent on their
trophic plasticity, a key functional trait that allows populations
to persist in complex food webs (Rossi et al., 2019).

Among other factors, seasonality is a major force structuring
ecological communities (Thrush and Cummings, 2011; Clark
et al, 2013). Nevertheless, our knowledge of how temporal
variations in the trophic niches of populations affect food
web structures in real ecosystems is scarce. This limits our
understanding of stability mechanisms in temporally forced
ecosystems (sensu McMeans et al., 2015), thus impairing their
management and conservation.

The effects of seasonality are expected to increase with latitude,
with tremendous changes observed in polar areas (Clark et al.,
2013; Chown et al., 2015; Ingels et al., 2020), where light and
sea-ice dynamics drive the structure and functioning of aquatic
food webs (Poloczanska et al., 2016; Wing et al., 2018). Sea-
ice influences key ecological processes in polar ecosystems,
such as phytoplankton blooms, physical disturbance of the
seabed due to iceberg scouring (Gutt and Piepenburg, 2003;
Arrigo, 2014), reproductive cycles, recruitment, and trophic
interactions among a wide range of species (Constable et al.,
2014). Specifically, sea-ice shrinking during spring, together
with sea-ice break-up in summer, allows a massive increase in
ice-bound primary production (sympagic production), which
is subsequently released into the water column, fuelling both
pelagic and benthic communities (Pusceddu et al., 1999; Lizotte,
2001; Leu et al,, 2015). Under these conditions, sympagic algae
represent the main direct (via vertical flux) and indirect (after
sedimentation) food input for a large part of Antarctic marine
diversity (Lizotte, 2001; Michel et al., 2019; Rossi et al., 2019).

The sympagic algae that live inside or on the lower surface
of the sea-ice produce at least 20% of the primary biomass of
the Arctic and Antarctic Oceans (Stoecker et al., 2000; Arrigo,
2014). The seasonal availability of this high-quality energy source
favors trophic specialization among a large number of taxa in
both pelagic and benthic communities, which are specifically
adapted to the physical and biological conditions characteristic
of polar environments (Knox, 2006; McMahon et al., 2006). In
contrast, short but intense phytoplankton blooms occur mostly
during open-sea periods (Pusceddu et al., 1999; Lizotte, 2001; Leu
et al.,, 2015). The increased availability of basal resources after
sea-ice break-up allows consumers to exploit a range of carbon
sources in both the water column and on the bottom, reinforcing
benthic-pelagic coupling (Cattaneo-Vietti et al., 1999; Kaehler
et al., 2000; Dunton, 2001; Knox, 2006). The seasonal supply
of sympagic algae thus becomes crucial to energy exchanges
between ecosystem compartments, also affecting the structure
and stability of communities (Hobson et al., 1995; Soreide et al.,
2010; Leu et al., 2015; McMeans et al., 2015; Michel et al., 2019).

Expected changes in seasonal light and sea-ice dynamics due
to climate change could directly and indirectly compromise
biodiversity persistence (Clark et al., 2013; Rossi et al., 2019).

These changes, together with ocean warming, could also favor
the entry and success of new faster-moving and more generalist
species, one of the main causes of biodiversity loss worldwide
(Aronson et al, 2007; Morley et al, 2019; Hughes et al,
2020). This in turn could affect the structure and function
of polar communities by altering the interactions between
populations and the energy pathways between benthic and
pelagic compartments (Fossheim et al, 2015; Hughes et al,
2020). Biodiversity management and conservation efforts have
generally focused on the study of individual species (Jordan, 2009;
McDonald-Madden et al., 2016). However, failure to consider
interactions with all the other species within the community
and with the physical environment can lead to ineffective
management and conservation measures in the medium and long
term (Trebilco et al., 2020).

In the Ross Sea (Antarctica), a biodiversity hotspot and the
most pristine marine ecosystem on our planet (Rossi et al.,
2019; Leihy et al., 2020), seasonal changes in sea-ice coverage
are particularly marked (Wing et al., 2018). Expected changes
in sea-ice dynamics due to climate change will modify the
extent and intensity of algal blooms, with possible effects on
benthic food webs and pelagic top predators, thus altering
biodiversity architecture (Clark et al., 2013; Poloczanska et al.,
2016; Mangoni et al., 2019; Hughes et al., 2020). Although our
knowledge of biodiversity in the region is increasing (Chown
et al, 2015), little is known about species’ functional roles
in the food web, particularly in the benthic habitat, where
the majority of Antarctic biodiversity lies (Rossi et al., 2019).
This represents a major gap, limiting our ability to conserve
biodiversity and anticipate the effects of changes in sea-ice
dynamics on Antarctic food webs.

Recently, application of stable isotope analysis to Antarctic
benthic communities has proved useful for describing space-time
variations in nutrient fluxes associated with sea-ice dynamics
(Michel et al., 2019; Rossi et al., 2019). Studies in the Ross Sea have
demonstrated that sympagic production is readily incorporated
into benthic biomass following sea-ice break-up (Norkko et al.,
2007; Calizza et al.,, 2018), supporting between 30 and 80% of
benthic secondary production (Wing et al., 2018). Accordingly,
pulsed sympagic inputs during summer (Pusceddu et al., 2000,
2009) produce significant changes in the diet and trophic position
of benthic taxa (Norkko et al., 2007; Calizza et al., 2018; Wing
et al., 2018; Rossi et al., 2019), with cascade effects on predators
at higher trophic levels (Leu et al, 2015; Poloczanska et al.,
2016) and contaminant redistribution throughout the food web
(Signa et al.,, 2019).

At present, quantitative data on feeding and competition
links in Antarctic benthos are extremely scarce, and quantitative
descriptions of the complex food web structures and their
dependence on sea-ice coverage are even scarcer (Rossi et al,
2019). However, key ecological properties including stability,
energy flux, vulnerability to biodiversity loss and invasibility
are closely related to the complexity of food webs and the
distribution of links among species (Aronson et al., 2007;
Carscallen and Romanuk, 2012; Rossi et al, 2015; Calizza
et al, 2019; Trebilco et al, 2020). While challenging, the
quantitative analysis of food webs thus represents a necessary step
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toward understanding the persistence mechanisms of Antarctic
communities and improving our ability to conserve Antarctic
biodiversity during climate change.

In our study, for the first time we had the opportunity to
track seasonal changes at the same site in both the trophic
niches of populations and food web structure in the species-
rich benthic Antarctic community. By means of C and N stable
isotope analysis and Bayesian mixing models, we quantified (i)
the isotopic niche metrics of populations, (ii) the strength of
feeding and competitive interactions, and (iii) the food web
properties of shallow-water benthic communities both before
(hereafter BEFORE) and after (hereafter AFTER) sea-ice break-
up in Tethys Bay, an inlet inside Terra Nova Bay in the Ross Sea.
We sought to understand how the expected increase in resource
availability following summer sea-ice break-up (Pusceddu et al.,
1999; Lizotte, 2001; Leu et al., 2015) affects the trophic niches of
populations and how this results in a rewiring of feeding links
in the food web.

For this purpose, we measured variations in the food web
structure of the shallow-water Antarctic benthic community
under two different sets of sea-ice coverage conditions. Since
the number of species in shallow-water Antarctic benthic
communities is subject to natural seasonal variation (Gutt and
Piepenburg, 2003; Thrush and Cummings, 2011; Clark et al,
2013; Ingels et al., 2020), to avoid any bias arising from species
number in the interpretation of niche and food web metrics, we
also considered taxa common to both study periods.

Lastly, based on food web structure analysis, we sought to
quantify food web vulnerability to biodiversity loss, identifying
those taxa that occupied the most critical positions in the food
web and quantifying their sensitivity to changes in resource
availability associated with sea-ice dynamics. In accordance with
optimal foraging theory (Pyke et al., 1977; Rossi et al., 2015), we
hypothesized that changes in the trophic niches of populations
resulting from the increased availability of primary producers
following sea-ice break-up drive the simplification of food
web architecture, with effects on its stability and vulnerability
to species loss.

MATERIALS AND METHODS

Study Area and Sampling Activities

The study was carried out in Tethys Bay (74° 41'8”S, 164°
04’8”E), an inlet inside Terra Nova Bay in the Ross Sea (Figure 1),
during the 32nd expedition of the PNRA (Italian National
Antarctic Research Program).

Tethys Bay is characterized by marked seasonality in
sea-ice dynamics, with coverage generally persisting until
mid-December, leaving the area ice-free during the austral
summer. This produces marked spatio-temporal variations in the
availability of food for benthic communities (Pusceddu et al.,
1999; Lizotte, 2001; Leu et al., 2015; Calizza et al., 2018). The
chlorophyll-a concentrations in this area generally range between
0.1 and 4 mg m~3, with even higher values observed between
January and February in association with phytoplankton blooms
(Lazzara et al., 1997; Pusceddu et al., 2009; Mangoni et al., 2019).

This trend was also observed in Aqua MODIS satellite images
generated during our sampling periods (sources: worldview.
earthdata.nasa.gov). Further information on the study area can
be found in Calizza et al. (2018) and Rossi et al. (2019) and the
literature cited therein.

Samplings were performed before and after sea-ice break-
up, which started around 18th December 2016, leading to ice-
free open water around 10th January 2017. The first round of
sampling (i.e., BEFORE) was performed from 14th November
to 15th December 2016. During this period, the whole study
area was characterized by dark and non-turbid waters. The
second round of sampling (i.e., AFTER) was performed from
19th January to 7th February 2017. During this period, icebergs
flowed into and around the bay (personal observation), as usually
observed in the area (Melchiori and Cincotti, 2018). The number
of days elapsing between sea-ice break-up and sampling time
were quantified by means of direct observations on the ground
coupled with reference to satellite images (Landsat 8, target paths:
61, target row: 113).

Three sampling stations in shallow waters were chosen
(Figure 1), characterized by mixed rocky and soft bottoms
and varying slopes in order to take full account of the
environmental heterogeneity of this area (Cattaneo-Vietti et al.,
1999). All possible invertebrate organisms and basal resources
were collected both BEFORE and AFTER. The collection and
analysis of samples was carried out by the same field and
laboratory research team in both sampling periods using similar
sampling methods.

Benthic invertebrates, detritus (organic matter in coarse, fine
and ultra-fine sediments) and macroalgae (Iridaea cordata and
Phyllophora antarctica) with associated epiphytes were collected
by SCUBA divers at a depth of 10-30 m. Small invertebrates,
such as polychaetes and amphipods, were collected by carefully
separating them from sediments or other sampled benthic
specimens, mainly sponges.

Sediment samples were sieved and grouped on the basis of
particle diameter into Coarse (>1 mm), Fine (between 1 and
0.56 mm) and Ultra-fine (<0.56 mm) fractions in accordance
with Calizza et al. (2018).

Sympagic algae (diatoms and filamentous algal aggregates
present in the ice core and at the ice-water interface) were
collected by coring the ice-pack three times at each sampling site.
Three replicates of sympagic algae per ice-core (i.e., a total of 27
samples) were collected. The filamentous and diatom fractions
were separated from each other by sieving and filtering through
Whatman GF/F filters. The sympagic diatoms and filamentous
algal aggregates in Tethys Bay are mainly composed of species
belonging to the genera Amphiprora and Nitzschia, respectively
(Lazzara et al., 1995; Saggiomo et al., 2017 for further details).

Phytoplankton and zooplankton were collected by vertically
sampling the water column at a depth of 20 m with a
plankton net (20-pm mesh size) from sea-ice holes BEFORE
and in open waters AFTER. Each zooplankton specimen was
carefully separated from the bulk sample under a stereoscope.
Phytoplankton was collected by filtering the remaining water
sample at 100 pm and then collected on pre-combusted
Whatman GF/F filters. In our study area, the phytoplankton
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Ross sea

FIGURE 1 | Sampling sites in Tethys Bay (Terra Nova Bay, Ross Sea). The background image of Tethys Bay was obtained from Google Earth.

assemblages are dominated by Phaeocystis antarctica (Fabiano
etal.,, 1997; Mangoni et al., 2019).

Since coprophagy is a common strategy among Antarctic
benthic invertebrates (McClintock, 1994; Norkko et al., 2007),
samples of seal feces from a colony of Weddell seals
(Leptonychotes weddellii, Lesson, 1826) were also collected. The
seal colony consisted of around 80-100 specimens usually
stationed in the sampling area. Basal resources (including the
upper 5 cm layer of sediments and seal feces) were collected
within the first week of sampling activities in both sampling
periods. They were analyzed in order to measure differences
between BEFORE and AFTER in the isotopic baseline of
consumer diets and food web architecture.

All collected samples were sorted, counted, identified to the
finest possible taxonomic level and transported to Italy to be
properly processed for the stable isotope analysis.

Laboratory Procedures and Stable
Isotope Analysis

Samples were individually stored at —80°C and then freeze-dried
for 24 h before Stable Isotope Analysis (SIA).

Specific soft tissues were taken from the large invertebrates
(Norkko et al., 2007; Careddu et al., 2017; Calizza et al., 2018;

Rossi et al., 2019). For small invertebrates (such as amphipods
and polychaetes), the whole body was used. These samples
were individually analyzed. In addition, samples of very small
organisms (e.g., nematodes) were grouped in order to obtain
sufficient biomass for stable isotope analyses (Hobson et al., 1995;
Rossi et al,, 2015). The dry sample was homogenized to a fine
powder using an agate mortar and pestle or a ball mill (Mini-
Mill Fritsch Pulverisette 23: Fritsch Instruments, Idar-Oberstein,
Germany). Where necessary, samples were pre-acidified using
1M HCI drop-by-drop (Hobson et al., 1995) in order to eliminate
inorganic carbon, which can interfere with the 3!C signature,
and were then re-dried at 60°C for 72 h. 31°N was measured in
non-acidified powders to avoid possible interference of HCI with
the nitrogen signatures (Calizza et al., 2018; Rossi et al., 2019).
Aliquots of 0.50 & 0.10 mg for animals and 4.00 = 1.00 mg
for basal resources were placed in tin capsules for the carbon
and nitrogen SIA. Samples were then analyzed in two replicates
using a continuous flow mass spectrometer (IsoPrimel00,
Isoprime Ltd., Cheadle Hulme, United Kingdom) coupled with
an elemental analyzer (Elementar Vario Micro-Cube, Elementar
Analysensysteme GmbH, Germany). Carbon (C) and Nitrogen
(N) isotopic signatures were expressed in § units (3'°C and
815N, respectively) as parts per thousand (%) deviations from
international standards (atmospheric N, for N; Vienna-PDB
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for C). The isotope ratios were calculated relative to the
respective standard following the equation: 8X (%) = [(Reample
— Ryandard)/Rstandard] % 10% (McKinney et al., 1950; Vander
Zanden and Rasmussen, 1996), where X is 1*C or °N and
R is the corresponding ratio of heavy to light isotope for the
element (1*C/!*C or "N/!N). Caffeine IAEA-600 (CsH1oN402)
was used as the internal laboratory standard. Measurement
errors associated with the linearity and stability of the mass
spectrometer were typically smaller than 0.05%o, while the
standard deviation of repeated measurements of lab standard
material (one replicate every 10 analyses) was typically £ 0.1%o
for §13C and + 0.2%0 for §'°N.

Isotopic Niche Metrics

The isotopic niche metrics of populations at both sampling times
were calculated in accordance with Layman et al. (2007) and
Jackson et al. (2011). These metrics, originally proposed for
application at community level, can also be used at population
level to obtain information on trophic diversity within a single
population (Layman et al., 2007; Jackson et al., 2011; Careddu
et al., 2017; Sporta Caputi et al., 2020). Carbon Range (CR) and
Nitrogen Range (NR) were measured as the difference between
the lowest and highest 3'3C and 3'°N values, respectively. CR
provides information about the variety of food sources exploited
by the population and hence its degree of trophic generalism. NR
quantifies the degree of omnivory of the population, accounting
for inter-specimen variation in trophic position.

The isotopic niche width was measured as the total area
(TA) of the convex hull encompassing all the isotopic values
of individuals within each population. It is expressed as the
isotopic area (%0%) and allows comparison of isotopic niches
between populations. The overlap between the isotopic niches of
populations was calculated and expressed both as a percentage of
TA and as the number of overlaps for each taxon (R software ver.
3.5.3, SIBER analysis package, Jackson et al., 2011). Both TA and
isotopic niche overlap were measured for populations common to
BEFORE and AFTER with a sample size greater than or equal to
4 individuals (18 animal taxa in total). Although low, this sample
size allowed us to include naturally scarce taxa in the comparison
of isotopic niche metrics between study periods. The number
was also less limiting for species diet reconstruction based on
Bayesian Mixing Models.

The overall competitive effect was expressed as the diffuse
overlap (sensu MacArthur, 1972 and Pianka, 1974), measured as
the average overlapping TA multiplied by the average number of
overlapping taxa.

Food Webs

The diet of each taxon was estimated by means of Bayesian
Mixing Models (SIMMr package, R software ver. 3.5.3, Parnell
et al., 2010; Parnell and Inger, 2016). The inputs of the model
were: (i) the isotopic signatures of the target consumer, (ii)
the mean isotopic signatures and relative standard deviation
of potential food sources, and (iii) the Trophic Enrichment
Factor (TEF) of the consumer. The TEFs between consumers and
their potential food sources (expressed as the mean =+ standard

deviation) were 0.4 £ 0.2%0 for 8'3C and 2.3 £ 0.4%0 for §!°N
(Calizza et al., 2018; Costantini et al., 2018; Rossi et al., 2019). The
models return the probability distribution of the proportional
contribution of each food source to the consumer’s diet, taking
account of the uncertainty in the source and Trophic Enrichment
Factor (TEF) values (Parnell et al., 2010; Jackson et al., 2011;
Parnell and Inger, 2016; Careddu et al., 2017; Costantini et al,,
2018; Rossi et al., 2019). The set of initial potential food sources
for each consumer was assigned based on literature data and/or
its position in the bi-dimensional isotopic space with respect
to that of the target consumer (Costantini et al., 2018; Rossi
et al,, 2019). Since a high number of resources can reduce the
discriminatory ability of mixing models and thus the effectiveness
of Stable Isotope Analysis in food web reconstruction, for each
taxon, a multiple-step procedure, in accordance with Costantini
et al. (2018), was applied. Based on the output of the Bayesian
isotopic Mixing Models, the pool of real (i.e., likely to be
assimilated) food sources for each consumer was then selected
in accordance with Costantini et al. (2018) and Rossi et al.
(2019). At each step in the mixing model, a food source was
maintained if either (i) its modal contribution was at least 5% and
a contribution of 0% did not lie within the 75 or 95% confidence
intervals or (ii) the food source was necessary in order to obtain
the mixing space that enclosed the consumer.

Finally, following the assignment of all the trophic links,
the structures and the respective metrics of the food webs were
obtained using the software (Cytoscape 3.7.2 and R-Statistical
3.5.3). Although a generally accepted classification of Antarctic
organisms into trophic guilds is limited by their marked trophic
generalism and omnivory, purely in order to improve food
web representation, taxa were grouped into broad “feeding
modes” based on bibliographical information (McClintock,
1994; Dunton, 2001; Gillies et al, 2013). These included:
“suspension feeder, “deposit feeder,; “omnivorous/grazer,
“omnivorous/predator,” and “predator.”

Food Web Metrics and Data Analysis

The food web metrics of the BEFORE and AFTER communities
were calculated and compared using the Cheddar and
NetworkExtinction packages in R-software (Hudson et al,
2013; Corcoran et al., 2019) and Cytoscape 3.7.2.

In the food web, the nodes are the taxa (S) and the links
(L) are the feeding links from resources to consumers. The
Linkage density (L/S) was measured as the average number of
feeding links per taxon present in the food web. The minimum
Connectance (Cmin) was calculated as: Cmin = 2L/S%. The
trophic position (TP) of each taxon (i) was calculated in
accordance with the formula: TP; = 1 + X; (TP; x fj),
where TPj is the trophic position of food item j and f is the
proportional consumption of food item j by consumer i (Odum
and Heald, 1975). TP = 1 was assigned to basal food sources.
The proportional similarity of diet among taxa was measured
by the Bray-Curtis similarity index. The index is based on the
contribution of each resource to the diet of each consumer and
it ranges from 0, when no common resources are found for the
compared groups, to 1, when the compared groups have the same
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resources in the same proportions (Calizza et al., 2018; Costantini
et al,, 2018; Sporta Caputi et al., 2020).

The potential competition for resources was measured in
accordance with Levins’ (1968) equation:

- 2k Pik X Pk
ij = )
2k (P’k)2

in which the competition strength a;; is expressed as the
effect of species j on species i, where pi; and pj; are the
proportional contributions of any given resource k to species i
and j, respectively.

Topological food web metrics were also measured. These
included Betweenness Centrality (BC), Neighborhood
Connectivity (NC) and food web robustness to taxon (ie.,
node) loss. BC is a measure of the centrality of a taxon in the
food web. This parameter indicates the importance of a taxon
in terms of the role it plays in connecting other nodes in the
network (Freeman, 1977). Taxa with BC > 0 play a central role
in connecting others within the food web (Martin Gonzélez
et al., 2010). Neighborhood Connectivity (NC) indicates the
average connectivity of each taxon in the food web and provides
a measure of interconnection (direct and indirect) among all
taxa in the food web. Food web robustness to loss of taxa was
estimated by simulating primary extinctions (sensu Dunne et al.,
2002). Taxa were sequentially removed from the most to the least
connected, in accordance with Calizza et al. (2012) and Rossi
et al. (2019). Secondary extinction occurs when a taxon loses all
of its food items.

Statistics

If not specified otherwise, the results are reported as
mean =+ standard error (SE). The Shapiro-Wilk normality
test was applied to each dataset to verify that it followed a
Gaussian distribution.

Differences between sampling periods were tested using
the Students t-test for variables that fulfilled the normality
assumption (similarity of diet, competition strength, number
of competitors) and the Mann-Whitney test when normality
was not observed (mean trophic position and food chain,
Neighborhood Connectivity). The same tests were also used to
test differences in the contribution of resources to the diet of
BEFORE and AFTER communities.

Two-way PERMANOVA and associated post hoc comparisons
were used to test for the effect of taxon and period (i.e., BEFORE
and AFTER) on the isotopic signatures of basal resources and
consumers. A Mantel test was performed in order to assess the
correlation between the matrices of isotopic Euclidean distances
and the Bray-Curtis diet similarity (Signa et al., 2019).

Finally, the difference between BEFORE and AFTER in
terms of the proportion of the total number of links in the
web accounted for by feeding links between resources and
consumers was assessed using Chi-square (x2) tests, while
ANCOVA was used to test the difference in total extinction
distribution. In order to avoid the potential confounding
effects of differences in taxonomic composition between the
BEFORE and AFTER communities, further comparisons of

isotopic and food web metrics included only consumers
common to both sampling periods and were performed
using paired t-tests and Wilcoxon paired tests for inter-
period comparison of variables with normal and non-normal
distribution, respectively.

RESULTS

Isotopic Niche and Species Diet

A total of 1732 specimens belonging to 61 animal taxa were
sampled, 34 of which were common to the BEFORE and AFTER
samples (Table 1 and Figure 2). Sediments, sympagic algae and
animal-derived food (live prey or carrion) were the resource
items that most contributed to the diet of benthic organisms in
both sampling periods (Figure 3).

Basal resources were isotopically distinct from each other
(although interface diatoms had similar values to the ultra-
fine fraction), and their BEFORE and AFTER values did not
differ (Figure 2; Two-way PERMANOVA, Freource = 99.17,
p < 0.0001; Fippe = 2.32 and Fipgeraction = —2.20, n.s.; pairwise
post hoc comparisons). Among the basal food sources, the red
macroalga Phyllophora antarctica and sympagic algae (especially
filamentous algae) had the lowest and highest 3'3C values
(respectively, —36.7 £ 0.3%0 and —13.7 £ 0.5%0), while the
ultra-fine sediment fraction and seal feces had the lowest and
the highest 8!°N values (respectively, —0.04 + 0.02%o and
13.6 + 0.1%o; Figure 2).

While no differences between sampling periods were found
in the $!*C distribution within the community as a whole,
the 3'3C values of taxa common to the two periods were
higher in the AFTER sample (Wilcoxon paired test, z = 2.2,
p < 0.05), with values closer to those typical of sympagic
algae (Table 1 and Figure 2). Yet differences between groups
were also observed. Zooplankton and Amphipoda were the
most 13C-depleted consumers BEFORE, with values denoting
dependence on phytoplankton and detritus chains. Amphipoda,
which occupied the outermost area of the isotopic niche
space close to the benthic compartment resources, had more
enriched 8!3C values, similar to those of sympagic algae, AFTER.
The sea urchin Sterechinus neumayeri had the highest §!*C
among consumers, showing dependence on sympagic algae in
both periods, although this dependence was more pronounced
AFTER. Other Antarctic key species such as the predaceous
sea star Odontaster meridionalis and the anemone Urticinopsis
antarctica occupied a central position in the isotopic space, with
intermediate 8!*C and high 3'°N values, indicating consumption
of materials mainly of animal origin, both BEFORE and AFTER
(Table 1 and Figure 2).

The mean isotopic niche width (Total Area) of taxa
common to both periods decreased from 7.60 £ 1.3%0? to
6.05 & 1.3%¢? (Table 2), and the Carbon Range decreased from
5.2 %+ 0.8%¢ to 3.5 £ 0.5%0 (paired t-test, t: 1.78, p < 0.01),
but individual taxa displayed distinctive trends. While the brittle
star Ophionotus victoriae, the sea-star Diplasterias brucei and
the anemone Urticinopsis antarctica mirrored the general trends,
with decreasing Total Area and CR after the sea-ice break-up, the

Frontiers in Marine Science | www.frontiersin.org

December 2020 | Volume 7 | Article 594454


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Sporta Caputi et al. Seasonal Dynamics in Antarctic Food Webs

TABLE 1| Community carbon (3'3C) and nitrogen (3'°N) isotopic signatures (mean + SE) BEFORE and AFTER.

Before After Food
Phylum- web
Group Class Order Taxon n 318C (%) 8N (%) FL TP n  38BC (%) 8N (%) FL TP ID
Annelida
Polychaeta
- Leitoscoloplos 5 —-212+06 1056+05 4 2.0 - - - - - 1
kerguelensis
Phyllodocida Barrukia 7 —219+07 82+05 7 3.3 - - - - - 2
cristata
Hesionidae 12 -213+05 96+03 9 3.3 - - - - -
Polynoidae 5 -208+04 94+01 9 3.2 - - - - - 4
Psamathe 2 -196+056 67+05 2 2.8 - - - - -
fauveli
Sabellida Perkinsiana sp. 3 —-225+£23 72+02 3 21 6
Serpulidae 4 —-219+07 7105 7 2.2 3 —-226+01 71+£02 &5 22 7
Spionida Spionidae 2 -231+£05 75+£05 3 2.0 - - - - - 8
Terebellida Flabelligera 2 —19.7+£05 78+£05 5 2.2 - - - - - 9
mundata
Terebellida 19 -238+03 68+01 3 2.4 7 -—227+04 69+£03 7 21 10
Arthropoda
Malacostraca
Amphipoda Amphipoda 4 —246+04 105+03 3 2.9 2 -219+05* 98+£05 4 21 M
(alia)
Orchomenella 6 -219+05 82+06 4 25 - - - - - 12
sp.
Paramoera 18 —-176+12 62+06 4 2.0 - - - - - 13
walkeri
Isopoda Arcturidae 2 —-219+05 52+05 5 2.0 - - - - - 14
Munna sp. 5 —203+04 74+£02 6 2.4 - - - - - 15
Paramunnidae 9 —204+£02 44+£02 3 2.0 - - - - - 16
Tanaidacea Nototanais 3 —-19.0+£1.0 88+03 7 2.7 - - - - - 17
dimorphus
Pycnogonida
Pantopoda Achelia sp. 11 —-2414+£083 94+03 4 3.1 7 —-241+£02 10+£03 4 25 18
Ammothea sp. 23 —-229+0.1 11.3+£02 6 3.3 17 -228+04 1244+02* 6 32 19
Colossendeis 2 —232+05 103+£05 5 3.1 5 —229+£02 92+02 5 26 20
sp.
Nymphon 12 -23+03 81+05 6 3.2 - - - - - 21
australe
Bryozoa
Gymnolaemata
Cheilostomatida  Camptoplites 8 —-181+£08 62+02 3 2.0 3 -21.0+07* 50+00° 4 20 22
sp.
Chordata
Ascidiacea
Cnidaria Ascidiacea 8 -2833+05 6.7+02 5 2.2 4 -232+02 68+03 3 23 23
Anthozoa
Actinaria Urticinopsis 7 —-20.3+£08 93+04 7 3.4 8 —-189+03 10+£02 5 35 24
antarctica
Alcyonacea Alcyonium 11 —222+06 7001 7 2.2 9 -21.7+05 7+0.1 6 21 25
antarcticum
Clavularia 3 —-204+£03 83+02 5 2.2 - - - - - 26
frankliniana
Echinodermata
Asteroidea
Forcipulatida Diplasterias 22 —-192+04 82+02 3 32 27 —-189+04 86+02 3 31 27
brucei
(Continued)
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TABLE 1 | Continued

Before After Food
Phylum- web
Group Class Order Taxon n 8313C (%) 8N (%) FL TP n  88C (%) 8N (%) FL TP ID
Diplasterias 3 —-165+02 92+02 5 3.3 - - - - - 28
brucei (adults)
Valvatida Acodontaster 2 —-18.0+05 11.74+05 4 3.1 - - - - - 29
hodgsoni
Odontaster 8 —194+05" 126+06 5 3.6 3 -212+£09" 10.3+£05° 5 32 30
meridionalis
Odontaster 20 -17.0+04 97+01 7 32 22 —17.7+04 96+02 6 30 31
validus
Perknaster 2 —179+05 11.4+£05 8 3.5 - - - - - 32
fucus
antarcticus
Echinoidea
Camarodonta Sterechinus 25 -136+04 72+01 8 25 25 —-136+04 76+03 8 22 33
neumayeri
Holothuroidea
Dendrochirotida  Cucumaria sp. 3 —-2156+16 55+£02 5 2.0 - - - - - 34
Staurocucumis 14 -227+02 76+£03 11 22 26 -223+01* 77+02 3 22 35
turqueti
Ophiuroidea
Ophiurida Ophionotus 21 -186+07 82+02 17 28 21 —-181+05 84+02 9 24 36
victoriae
Ophioplinthus 9 —213+07 77+03 4 21 6 -205+1.0 82+07 9 22 37
gelida
Mollusca
Bivalvia
- Laternula 3 —-220+03 57+08 8 2.1 3 -222+03 66+03 6 22 38
elliptica
Limida Limatula 2 -215+05 79+05 5 23 39
hodgsoni
Nuculanida Aequiyoldia 2 —-173+£05 80+05 2 2.0 2 —-161+05 63+05 2 20 40
eightsii
Pectinida Adamussium 24 —-217+01 57+02 8 2.1 16 -21.8+01 64+09 9 21 41
colbecki
Gastropoda
Neogastropoda  Neobuccinum 24 -189+0.2 103+04 4 28 34 -185+02 11.1+£02 4 26 42
eatoni
Trophonella 2 —-20.0+05 9.0+05 8 3.1 - - - - - 43
longstaffi
Nudibranchia Tritoniella belli 4 —-233+02 99+08 4 2.6 - - - - - 44
Pteropoda Clione limacina 17 -257+02 54+02 3 2.3 9 -2569+02 52+£03 3 29 45
antarctica
Limacina 50 -236+03 42+04 2 2.0 5 —-21.7+02 48+00° 3 20 46
helicina
Nematoda
Nematoda 9 —230+02 994+£083 8 2.0 7 —-219+03" 88+02" 4 20 47
Nemertea
Pilidiophora
Parborlasia 7 —-205+02 85+£02 10 2.8 - - - - - 48
corrugatus
Porifera
Demospongiae
Dendroceratida  Dendrilla 9 -232+01 574+£01 5 2.3 2 -235+05 55+05 3 23 49
antarctica
Haplosclerida Haliclona 4 —23.1+01 101+02 3 3.4 - - - - - 50
dancoi

(Continued)
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TABLE 1 | Continued

Before After Food
Phylum- web
Group Class Order Taxon n 318C (%) 8N (%) FL TP n  $'3C (%) 85N (%) FL TP ID
Haliclona sp. 8 —237+02 81+06 3 2.7 5 -238+04 82+06 5 23 51
Haliclona 2 —229+05 10.7+05 3 3.5 3 -229+00 10+0.1 5 22 52
tenella
Hemigellius 3 -240+04 74+£06 3 2.3 2 -235+05 103+05* 4 23 53
fimbriatus
Hemigellius sp. 7 —238+02 80+10 6 25 5 -234+04 68+01* 4 21 54
Poecilosclerida  Kirkpatrickia 3 —-232+00 65+04 6 2.2 - - 55
variolosa
Mycale sp. 6 -232+01 71+£04 5 2.6 6 —-230+08 74+£06 6 22 56
Polymastiida Polymastia 2 —-216+£05 86+£05 4 2.9 4 -206+05 89+02 6 24 57
invaginata
Sphaerotylus 6 —-218+0.1 106+02 4 3.1 8 -219+02 102+02 3 26 58
antarcticus
Suberitida Homaxinella 5 -218+03 64+03 5 21 - - - - - 59
balfourensis
Suberites 10 -2404+02 98+07 3 31 5 -239+02 92+15 5 22 60
topsenti
Benthic algae
Benthic 3 —-21.0+£13 41+038 1.0 3 —-205+10 4.1+08 1.0 Ri1
diatoms
Iridaea cordata 3 —21.4+08 4.2+0A1 1.0 3 -21.0+10 4.0+06 1.0 R7
Phyllophora 17 -37.0+04 0.7+0.3 1.0 16 -3859+01 22401 1.0 R14
antarctica
Epiphytes
Epiphytes 6 —-23.8+0.1 6.0+03 1.0 5 -243+05 57+03 1.0 RS
Plankton
Phytoplankton 6 —251+13 44+02 1.0 5 -—-245+00 44+00 1.0 R8
Zooplankton 4 —257+05 64+07 6 2.0 6 —-21.3+01* 43+01* 4 20 61
Seal Feces
Seal Feces 7 —26.4+0.7 13.6+0.2 1.0 4 -266+00 14+00 1.0 R4
Sediment
Coarse 3 —222+01 74+£00 1.0 3 -220+01 7.4+01 1.0 R9
Sediment
Fine Sediment 3 —-20.8+0.1 53+00 1.0 3 -207+01 52+01 1.0 R10
Fine-Ultra-Fine 156 —-229+02 44+02 1.0 6 —-220+06 50+03 1.0 RM1
Sediment
Ultra-Fine 3 -212+0.2 00+0.0 1.0 6 -21.8+0.9 0.83+0.06 1.0 Ri2
Sediment
Sympagic algae
Diatoms (ice 27 -188+09 08+1.1 10 - - - 1.0 Ri13
core)
Diatoms 26 —-228+16 09+0.7 1.0 - - - 1.0 R2
(interface)
Filamentous 27 —-13.7+05 18+03 1.0 - - - 1.0 Rb
algae (ice core)
Filamentous 20 -16.0+£0.1 29+0.0 1.0 - - - 1.0 R6

algae (interface)

A dash (<) indicates that the taxon was not found. Superscript letters indicate the top ten central nodes (i.e., the topological keystone taxa) in the food web BEFORE (B)
and AFTER (*).

Asterisks indlicate significant differences between BEFORE and AFTER (two-way PERMANOVA, p < 0.01).

n, number of isotopic samples; FL, Feeding links; TR, Trophic position; Food web ID, identification code as shown in Figure 4.

Underlined IDs indicate taxa common to BEFORE and AFTER for which isotopic niche metrics were compared (for details, refer to section “Materials and Methods”).

scallop Adamussium colbecki, the brittle star Ophioplinthus gelida The closer the taxa in the isotopic niche space, the more
and the sea-urchin Sterechinus neumayeri increased their Total similar their diet according to the Bayesian mixing models
Area along with NR. (Mantel test, Correlation R: 0.5, p < 0.001). Within trophic guilds,
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FIGURE 2 | Isotopic biplots of the BEFORE (A) and AFTER (B) communities. Each point represents a taxon. Isotopic signatures were expressed as the mean + SE.
The legend shows the respective colors of consumers and basal resources.

the isotopic signatures of taxa were rather heterogeneous (e.g., the
two congeneric seastars Odontaster meridionalis and O. validus
and the two bivalves Aequiyoldia eightsii and Adamussium
colbecki, Table 1). Consistent with the changes in the isotopic
distribution of animal taxa, the contribution of sympagic algae
to their diet increased after the sea-ice break-up (¢-test, t: 2.49,
p < 0.05), while that of animal-derived food decreased (Mann-
Whitney test, U: 466, p < 0.01, Figure 3). As a result, the diet
composition of the various taxa became more similar (Bray-
Curtis: 15.07 & 0.86% and 22.58 £ 1.86%; t-test, p < 0.01).
Among other resources, the contribution of seal feces to
consumers’ diets was low in both BEFORE and AFTER.

The mean potential competition strength based on isotopic
niches increased but the number of competitor taxa decreased (-
test, ¢ at least: 2.37, p < 0.01, Tables 1, 3). The lower number of
competitors, together with the generally narrower isotopic niche
in AFTER (Table 2), was reflected in a lower diffuse niche overlap

between taxa (from 235.9 = 36.4% to 196.1 = 33.6%; paired t-test,
t:2.3,p < 0.05.

Food Web Structures

The two periods were characterized by different food web
topology and metrics (Table 3). Both the total number of feeding
links and the number of food chains in the web were higher
BEFORE than AFTER (Figures 4, 5A and Table 3). Specifically,
the feeding links between consumers and basal food sources
increased from 52% to 66% of the total (Table 1, x >-test, x2:10,
p < 0.01) and Compartmentalization slightly increased from
0.10 to 0.13 (Table 3). Furthermore, although a similarly, high
degree of omnivory was found in the BEFORE and AFTER food
webs, the food chains were shorter on average (Figures 4, 5A)
and the mean trophic position was thus lower AFTER than
BEFORE (Table 1 and Figure 4; Mann-Whitney test, U:1323.5,
p < 0.05).
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The trophic position of consumers varied between 2.0 and
3.6 (Figure 4). Urticinopsis antarctica, Odontaster meridionalis,
Ammothea sp., D. brucei, and O. validus had a high trophic
position, equal to or greater than 3, in both sampling periods.
Another 14 taxa had a similarly, high trophic position BEFORE
but, of those species present in both periods, the sea-spiders
Colossendeis sp. and Achelia sp. and the sponges Sphaerotylus

TABLE 2 | Isotopic niche and food web metrics of taxa common to BEFORE and

AFTER.

Before After
Isotopic niche metrics
CR** 5.24 +£0.77 3.47 £0.55
NR 3.63+0.54 3.37 £ 0.51
TA 7.60 +1.35 6.05 + 1.32
S in overlap** 8.56 + 0.85 517 £0.75
% overlap 25.52 +£2.79 34.23 + 5.67
Food web metrics
Links per species (2L/S)** 9.39 + 1.01 7.26 +£0.70
Feeding links per species (L/S) 3.90 + 0.36 3.60 + 0.39
No of competitors™* 38.28 + 2.56 26.28 + 1.72
Competition strength () 0.32 +0.03 0.35 + 0.04

Each parameter was expressed as the mean + SE of the taxa sampled in
each study period.

CR, Carbon Range (%.); NR, Nitrogen Range (%); TA, Total Area (%)

For details of metrics, please refer to the “Materials and Methods” section.
Superscript  symbols indicate a significant difference between periods
(*Wilcoxon paired test).

One, two, and three superscript symbols indicate p values of <0.05, <0.01, and
<0.001, respectively.

antarcticus, Haliclona tenella, and Suberites topsenti were found at
lower trophic positions AFTER (Table 1). More generally, at the
guild level, the common suspension feeders, including sponges,
had significantly lower trophic positions AFTER (Table 1 and
Figure 4; Wilcoxon test, W: 263, p < 0.01).

As observed for the community as a whole (Table 3), the
taxa common to both sampling periods were less connected
(both directly and indirectly) with others in the AFTER food
web (NC: 14.37 £ 0.73 vs. 11.39 + 0.60, Wilcoxon test, W:
1009, p < 0.001). The mean linkage density decreased (Table 2,
Wilcoxon test, W: 659, p < 0.01), together with both the number
of food items in the diet and potential competitors (Tables 1, 2;
Wilcoxon test, W: 594, and W: 638, p < 0.0001, respectively).
Specifically, the most generalist taxa BEFORE saw the greatest
reductions in the number of consumed resources AFTER (e.g.,
O. victoriae and the sea cucumber Staurocucumis turqueti),
while a small number of specialist taxa had a higher number
of trophic links AFTER (e.g., Terebellidae and the brittle star
Ophioplinthus gelida).

These differences influenced the topology of the food web and
its robustness to the loss of highly connected nodes, which was
higher in the AFTER food web (Table 3 and Figure 5B, ANCOVA
test, F: 125.1, p < 0.001). Highly connected nodes BEFORE
included zooplankton and Amphipoda (including Paramoera
walkeri), whereas AFTER they included Ophioplintus gelidae,
Aequiyoldia eightsii, Terebellidae and D. brucei. Basal resources
and S. neumayeri were highly connected in both periods. Except
for A. eightsii and basal resources, these taxa also ranked among
the 10 most central nodes in the food web structure in terms
of their Betweenness Centrality (Figure 4), with much higher
consumption of sympagic algae AFTER.
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DISCUSSION

Antarctic benthic organisms are markedly adapted to their
extreme environment, which is characterized by long-term
low availability of food resources, which are closely linked to
seasonal sea-ice dynamics (Pusceddu et al., 2000; Clark et al,
2013; Calizza et al, 2018; Rossi et al, 2019). Thus, changes
in sea-ice spatio-temporal dynamics, which are expected in
all climate change scenarios (Schofield et al., 2010; Constable
et al,, 2014), will determine changes in resource inputs, affecting
biodiversity persistence and ecosystem structure and functioning
(Pusceddu et al., 2000; Norkko et al., 2007; Clark et al., 2013;

Constable et al., 2014; Calizza et al., 2018; Michel et al., 2019;
Rossi et al., 2019).

In this study, community isotopic characterization, coupled
with diet and food web reconstruction, provided crucial
support for understanding and describing the response of
Antarctic coastal benthic communities to the availability of
basal resources under two different sea-ice coverage conditions
(Calizza et al.,, 2015; Rossi et al, 2015, 2019). The results
highlighted significant changes in the trophic niches of Antarctic
benthic populations dwelling in shallow waters, as well as in food
web architecture, after the sea-ice break-up and its associated
input of sympagic algae. In addition, they allowed us to identify
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the main carbon pathways that support the benthic populations,
including taxa that play a key role in the organization of these
complex communities.

The isotopic signatures of basal resources were clearly distinct
and highly conserved over time. This allowed a robust description
of consumers’ diets based on isotopic Bayesian Mixing Models.
In addition, values were similar to what has been observed in
other study areas (Kaehler et al., 2000; Gillies et al., 2013) and
in Tethys Bay in different seasons and years and at a range of
depths (Norkko et al., 2007; Calizza et al., 2018; Rossi et al., 2019),
demonstrating the slow pace of biochemical transformation.
The observed isotopic similarity of phytoplankton over time
suggests that samples collected in dark waters before the sea-
ice break-up are the result of horizontal transport to the
coast from open waters, as already reported for the study
area (Pusceddu et al., 1999; Norkko et al., 2007). The isotopic
signature of the ultra-fine sediment fraction (particle diameter
<0.56 mm) did not differ significantly from that of sympagic
diatoms. Other studies have found isotopic similarity between
sediments and sympagic algae, suggesting that these algae are
available to benthic organisms both as fresh material when
released into the water column and as a small but constant
supply of organic matter in the sediment (Lizotte, 2001; Wing
et al.,, 2018). The latter constitutes an important food bank in
the unproductive season (Mincks et al., 2008), consistent with
several studies carried out in the study area (Cattaneo-Vietti
et al., 1999; Pusceddu et al., 2000). Biochemical studies show
that the organic matter on the bottom in the neritic zone of

the area was largely undegraded (Fabiano and Pusceddu, 1998;
Pusceddu et al., 1999). The isotopic similarity suggests negligible
biogeochemical transformations of organic carbon and nitrogen
following production, and thus minimal change in food quality,
which might impact the proportions of carbon and nitrogen
sources and their apparent incorporation in benthic communities
over time. By comparing the short- and long-term diets of the sea
urchin Sterechinus neumayeri, Calizza et al. (2018) demonstrated
the rapid availability of sympagic material for the benthos within
a few days of sea-ice break-up. Similarly, Wing et al. (2018)
observed that the contribution of sympagic algae to the secondary
productivity of Antarctic benthos increased near the edge of
the sea ice soon after the summer break-up. However, this may
not represent a general pattern in polar areas (Gibson et al,
1999; Lovvorn et al., 2005). Biochemical processes in sediments
associated with the short- and long-term deposition of sympagic
and pelagic matter after sea-ice break-up thus require further
studies in order to improve our understanding of carbon and
nitrogen pathways and recycling in the Antarctic, especially in
the light of climate change.

Opverall, sediments, sympagic algae and animal-derived matter
contributed most to the diet of organisms, both before and after
the sea-ice break-up. This is consistent with what is generally
observed in Antarctic benthic communities (Dunton, 2001;
Norkko et al., 2007; Smale et al., 2007; Gillies et al., 2012; Michel
et al., 2019), including in our study area but at a greater depth
(Rossi et al., 2019). The change in diet following the sea-ice
break-up was taxon-dependent and was reflected in changes in
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TABLE 3 | Food web metrics BEFORE and AFTER in Terra Nova Bay, Ross Sea.

Food web metrics Before After
Food web properties

S (nodes) 71 49
Trophic links 304 176
Basal Level fraction 0.17 0.27
Intermediate fraction 0.52 0.41
Top fraction 0.31 0.33
Trophic position$ 2.35 £ 0.09 2.01 £0.10
Link properties (complexity)

Linkage links (L/S) 4.28 +£0.36 3.59 +£0.39
Cmin (2L/S?) 0.12 0.15
Fraction of links

Basal resource-consumer™* 0.52 0.66
Consumer-consumer*™* 0.48 0.34
Top-intermediate 0.20 0.18
Top-basal 0.21 0.24
Intermediate-intermediate 0.28 0.15
Intermediate-basal 0.31 0.42
Chain properties

N° chains 1563 361
Mean chain length®$® 4,05+ 0.04 2.88 +0.07
Maximum chain length 8 6
Competition

N of competitors $% 35.39 £ 1.52 24.83 +£1.29
o 0.33 £ 0.01 0.40 £ 0.08
Vulnerability to biodiversity loss

Secondary extinctions®°° 0.32 0.24
Robustness 017 0.24
Network properties

Neighborhood Connectivity (NC)S$$ 14.07 £ 0.52 11.67 £ 0.60
Compartmentalization 0.10 0.13

S, number of nodes (i.e., taxa); L, number of feeding links.

The minimum connectance (Cpmin) is expressed as 21/S?.

Mean values are presented as the mean + the standard error.

Superscript symbols indicate a significant difference between periods (*x2 test;
SMann-Whitney test; °°ANCOVA test for equality of means).

One, two and three superscript symbols indicate p values of <0.05, <0.01, and
<0.001, respectively.

both the carbon (3'3C) and nitrogen (31°N) signatures and in
the trophic niche of the populations, regardless of their feeding
mode (ranging from filter feeders to predators). Indeed, while
isotopic similarity among taxa predicted similarity in their diet,
taxa that are generally grouped within broad trophic guilds in the
classification of Antarctic benthos were not always isotopically
similar (i.e., the composition of their diet differed), as in the case
of the two omnivorous predators Odontaster meridionalis and
O. validus and the two suspension feeders Aequiyoldia eightsii and
Adamussium colbecki.

Before the sea-ice break-up, consumers showed '3C-depleted
values typical of benthic resources (Norkko et al, 2007;
Calizza et al., 2018; Michel et al., 2019; Rossi et al., 2019).
Their wide isotopic niches and Carbon Ranges suggested
high trophic generalism within the community in this period
(Layman et al., 2007; Jackson et al., 2011; Careddu et al., 2017;

Sporta Caputi et al., 2020). After the sea-ice break-up, the
increased availability of sympagic algae allowed consumers
to specialize on this carbon source, making the coupling of
distinct energy channels less marked (Kaehler et al., 2000;
Dunton, 2001; Knox, 2006). Specifically, the opportunistic brittle
star Ophionotus victoriae and sea-star Diplasterias brucei, the
micro-predators/suspension feeders Alcyonium antarcticum
(soft coral) and Ascidiacea, and the predator/scavenger anemone
Urticinopsis antarctica are characterized by the highest trophic
plasticity among Antarctic invertebrates (McClintock, 1994;
Norkko et al., 2007; Marina et al., 2018). These taxa had a
narrower range of resources in their diet after the sea-ice
break-up than before. On the other hand, the trophic niches of
the sea-star Odontaster validus and the sea-urchin Sterechinus
neumayeri widened after the sea-ice break-up, and their §!3C
indicated that sympagic algae made an important contribution to
their diets in both sampling periods, in accordance with previous
observations (Corbisier et al., 2004; Jacob et al., 2006; Norkko
et al., 2007; Rossi et al., 2019).

During the Antarctic winter, benthic communities in shallow
waters obtain large quantities of carbon from benthic algae,
detritus accumulated in sediment (Kaehler et al., 2000; Dunton,
2001; Mincks et al., 2008; McMeans et al., 2015) and animal-
derived matter (McClintock, 1994; Gillies et al., 2012). Predation
and necrophagy, which are common in these communities, are
considered successful strategies above all when basal resource
inputs are limiting and in the presence of disturbance caused by
ice-scouring (McClintock, 1994; Smale et al., 2007; Dunlop et al.,
2014). The latter reduces the diversity and abundance of benthic
animals and algae (McClintock, 1994; Smale et al., 2007; Dunlop
et al., 2014; Ingels et al., 2020), with a substantial impact on the
local availability of food sources. The incidence of ice-scouring is
generally known to be higher in shallow than in medium-depth
waters (Gutt and Piepenburg, 2003), although the availability of
sympagic algae is greater, and can explain the lower number of
taxa found after than before the sea-ice break-up. Both factors
can result in lower competitive pressure and greater stability of
the community in shallow waters. Benthic consumers, mainly
Antarctic echinoderms, may opportunistically feed on seal feces
when this resource is available (McClintock, 1994 and literature
cited therein). Considering that Weddell seals forage mainly in
medium-depth waters (more than 100 m) (Burns et al., 1998),
we hypothesize that the observed low consumption of seal feces
was related to their low availability for shallow-water benthic
consumers in our study area. The low consumption of feces was
also evident from the distinct isotopic signatures of this resource
compared to those of consumers both before and after sea-ice
break-up. However, further studies of the seasonal availability of
this resource for Antarctic benthic organisms are necessary.

Compared to other basal resources for polar benthic
organisms, sympagic algae are higher quality (McMahon
et al., 2006; Pusceddu et al.,, 2009). The higher consumption
of sympagic algae led to a reduction in both the overall
trophic position and the length of food chains in the web,
as also observed in other studies based on stable isotope
analyses (Gillies et al., 2012; Michel et al., 2019; Rossi et al.,
2019). This is consistent with expectations from theory
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(Kondoh and Ninomiya, 2009), observations from temperate
aquatic systems (Calizza et al., 2012) and previous observations
in our study area (Norkko et al., 2007; Rossi et al., 2019), and
may be related to increased community resilience, theoretically
associated with shorter food chains (Pimm and Lawton, 1977).

Sympagic algae are both released in small quantities from sea
ice during their growth (i.e., before sea-ice break-up), and in a
strong pulse for a short time during and soon after the melting
of sea ice (Clarke, 1988; Cattaneo-Vietti et al., 1999; Pusceddu
etal., 2009; Leu et al., 2015). After the ice melt, this abundant food
source quickly becomes available to consumers (in a few hours in
shallow waters and in a few days in medium-depth waters), which
then adopt a more specialized diet and increase feeding (Calizza
etal., 2018; Michel et al., 2019; Rossi et al., 2019) and reproductive
activities (Pearse et al., 1991; Knox, 2006). This was observed
both at the level of the entire food web and in species common
to the two study periods. Generalist taxa reduced their trophic
niches and the number of links after the sea-ice break-up, when
the availability and consumption of basal resources increased.
However, the fact that certain more specialist taxa increased the
number of trophic links after the sea-ice break-up suggests that
the lower number of taxa did not generate bias in the linkage
density measurements.

Changes in foraging behavior following the ice melt affected
the entire food web, leading to its simplification. Specifically,
before the sea-ice break-up, the community was composed of
a high number of densely linked species. The mean numbers
of trophic positions and potential competitors per taxon were
found to be high, in accordance with the literature (McMeans
et al., 2015; Michel et al., 2019). Web simplification observed
after the sea-ice break-up is consistent with the findings of Rossi
et al. (2019). In their “space for time” study of the effects of sea-
ice dynamics on the medium-depth benthic communities, the
food webs were based on isotopic trophospecies, or Isotopic-
Trophic Units (i.e., groups of individuals that share a similar
position in the food web). After the sea-ice break-up, linkage
density decreased and the trophic diversity within populations
increased, lowering competitive interactions but increasing the
vulnerability to the loss of highly connected ITUs. In contrast, in
our study, the lower connectivity between species observed when
resources were less limiting made food webs less vulnerable to the
loss of taxa (Elton, 1927; Pimm and Lawton, 1977; Dunne et al.,
2002; Kondoh and Ninomiya, 2009). Indeed, lower connectivity
can reduce the risk of disturbance propagation (Calizza et al.,
2019). In this context, highly interconnected populations could
accelerate disturbance propagation along food chains via both
direct effects, such as predation, and indirect effects, such as
competition (Estrada, 2007; Lai et al., 2012; Marina et al., 2018).
Specifically, when simulating a scenario of species loss from
the most to the least connected species (Dunne et al., 2002;
Staniczenko et al., 2010), secondary extinctions were boosted by
the loss of central nodes in the food web. This suggested that the
topological position of the species in the food web plays a greater
role in the propagation of disturbance and hence in maintaining
the stability of the community than the number of trophic
links (Allesina and Pascual, 2009; Staniczenko et al., 2010).
Keystone species, which generally dominate the Antarctic benthic

communities (sea urchins, scallops, anemones, and amphipods)
were key topological nodes in our food webs. Disturbance
arising from changes in seasonal sea-ice dynamics directly and
indirectly affecting these topological keystone populations can
spread rapidly via trophic cascades, leading to food web collapse
or abrupt rewiring (Estrada, 2007).

Bayesian mixing models proved to be a useful tool for tracking
changes in food web structure based on shifts in species’ diets.
However, the presence of a large number of possible food sources
linked to the high degree of generalism and trophic plasticity
of Antarctic benthic species (Norkko et al., 2007; Carscallen
and Romanuk, 2012; Dunlop et al., 2014) may limit the models’
power of discrimination and thus the reconstruction of food
webs in complex communities (Rossi et al., 2019). Our previous
knowledge of the studied system, along with the results of
the multi-step mixing models and the rigorous selection of
each resource based on the probability of its contribution to
a consumer’s diet, made it possible to disentangle the diets of
species belonging to this complex community. Nevertheless, the
combination of stable isotopes with other biochemical tracers
(e.g., fatty acids) (North et al., 2019) and the isotopic analysis
of limiting amino-acids (Larsen et al, 2013) would further
improve our ability to discern and understand the contribution
of the various carbon sources to Antarctic food webs and their
vulnerability in the face of changes in sea-ice coverage.

CONCLUDING REMARKS

In conclusion, the marked seasonality of sea-ice dynamics in
Antarctica ensures the summer availability of resources that
are limiting for the rest of the year (Chown et al, 2015;
Rossi et al., 2019). Spatio-temporal changes in sea-ice dynamics
can affect the trophic choices of species populations within
the community, with cascade effects on the entire food web
(Pusceddu et al., 2000; Leu et al., 2015; Poloczanska et al.,
2016; Calizza et al., 2018; Rossi et al., 2019). Coastal marine
Antarctic ecosystems, which are biodiversity hotspots closely
associated with sea-ice, are seeing significant changes in physical
and environmental conditions as a result of ongoing climate
change (Michel et al., 2019; Leihy et al., 2020; Rogers et al., 2020).
In these complex ecosystems, identifying key species in terms of
community stability under a range of sea-ice coverage conditions
requires the isotopic characterization of the community and the
quantification of intra- and interspecific links between benthic
populations, providing useful information for the management
and conservation of biodiversity. Our study location (Tethys Bay,
in Terra Nova Bay) is in the middle of the recently established
Ross Sea marine protected area, and it is an Antarctic biodiversity
hotspot. Our comprehensive dataset, in which several taxa were
characterized by analyzing a substantial number of specimens,
enabled a very robust estimation of species’ isotopic niches and
diet composition, useful for the reconstruction of the food web.
This dataset includes taxa spanning multiple feeding modes and
trophic levels, as well as abundant circumpolar species playing
key ecological roles in Antarctic coastal ecosystems.
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In addition, the study of pristine biodiverse communities in the
Ross Sea also represents a unique opportunity to explore stability
mechanisms in seasonally forced food webs that are not affected
by human pressure (Norkko et al., 2007; Chown et al., 2015;
Cummings et al., 2018; Wing et al., 2018; Rossi et al., 2019; Leihy
et al,, 2020). Some genera and families included in this study are
not limited to polar areas, being also found at lower latitudes
and in anthropised coastal areas. Hence, studying them in the
Ross Sea makes it possible to observe mechanisms of trophic
plasticity and adaptation to temporal variations in food sources
under undisturbed conditions.
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